Sequences from -3500 to +1365 of the chicken histone H5 gene have been analyzed for the presence of cis-acting elements in H5 expressing (transformed CFU-E) and non-expressing cells (fibroblasts). The region froa -3500 to -115 had little effect on transcription. Proximal upstream sequences contain a negative element (UNE, -115 to -95), capable to also repress the activity of the heterologous HSV tk promoter, and two positive elements, a consensus GC-box (-83 to -7A) and a proximal element (UPE, -54 to -38). The sequence of the UPE is highly related to the histone H4 subtype-specific element and it has been conserved in the duck H5 and the human and mouse Hl°g enes at equivalent positions. Although the effect of the UNE, GC-box and UPE was not tissue-specific, sequences from -38 to +77 appear to confer a degree of tissue specificity to the promoter. An activating erythroidspecific element (DE) was found downstream of the H5 gene (+1042 to +1185). The activity of the DE was modest but independent of position and orientation and required the presence of the promoter proximal elements. The DE harbors the sequence AGATAA that is recognized by a protein factor, presumably the same that binds to other erythrocyte-specific enhancers. The low activity of DE ih the CFU-E may be related to the low concentration of the ACATAA-binding factor in the differentiation-blocked cells.
INTRODUCTION
Histone H5, a tissue-specific variant of histone HI, is an early marker of the avian erythroid lineage. Expression of H5 is regulated during erythrocyte differentiation so that its content increases with cell maturity (1) . In the differentiation-blocked precursor cell line HD3 [CFU-(E) transformed by AEV (2, 3)], the H5 gene is transcribed, by and large, in a cellcycle independent manner (1, 4) . Although this is also true for the more nature and Gl arrested cells (1, 5) , the rate of H5 gene transcription increases at the erythroblast stage and is maintained thereafter (1) . This suggests that the H5 gene responds to lineage specific and stage-specific factors through regulatory sequences different from those of the replication-dependent histone genes.
We have analyzed the regulatory regions of the H5 gene by DNA-mediated gene transfer (6) . The regions examined encompass all the DNase I hypersensitive sites previously mapped in the active chromatin (7) , as well as those ©IRL Presscoding for the protein. As recipient cells, we have used erythroid (HD3) 3nd non-erythroid cells (fibroblasts). In a first analysis, we have used differentiation-blocked HD3 cells because their levels of H5 expression, although significant, are lower than those of more mature cells. This has permitted to determine both positive and negative promoter eleaents that control the basal transcription of the H5 gene. One of these elements (UPE) maps close to the TATA-box in a region of high homology among the genes coding poly(A)* mRNAs for replacement histone HI subtypes.
While this work was in progress, two surveys of the regulatory' regions of the H5 gene have appeared. Using microinjection in Xenopus oocytes, Wigley and Wells (8) have suggested th3t the region -85 to +313 (according to the +1 cap site determined by these authors) contains an enhancer-like element responsive to erythroid trans-acting factors.-On the other hand, Engel and co-workers (9) have proposed the existence of a downstream enhancer element, the activity of which appears to be tissue-and stage-specific and independent of the promoter proxiaal DNA sequences. Our results indicate that the 3' flanking region of the H5 gene contains an element capable of increasing the activity of the promoter in non-induced HD3 cells. However, the activity of this enhancer is dependent on the presence of the promoter eleaents. The relative concentration of the presumed enhancer activating factor appears to be higher in immature adult erythrocytes than in HD3 cells.
MATERIALS AND METHODS

Construction of recoabinant plasmids.
The p(5') plasmid series [p(5')3500 to p(5')38] contains the indicated length of DNA sequence upstream of the H5 gene, all ending at the Alul site (+77) in the H5 mRNA leader (initiation of transcription = +1, 10). These fragnents were fused upstream of the chloramphenicol acetyltransferase reporter gene (CAT-SV40, 11) to generate H5-CAT-SV40 hybrid genes. The H5-CAT-SV40 genes were inserted at the EcoRV site of pAT153 (12) with the SV40 sequences closer to the EcoRI site of the vector. All constructs were confirmed by restriction analysis and DNA sequencing (13, 14) of the junctions.
Cell growth and DNA transfectlon HD3 (clone 41/2) (2) and H32 (15) were grown as described (7), except that the serum content of the medium was reduced by one-half. Primary chicken embryo fibroblasts (CEF) were isolated fron 10-day old embryos as described (16) , and grown as the H32 cells. The deletion mutants consistently produced higher CAT levels in HD3 than in H32 (Fig. IB) , suggesting that the H5 promoter contains a tissue-specific element(s) or that our normalization standard (RSVlacZ) was preferentially expressed in H32. Results obtained with the HSV thymidine kinase proaoter support the first alternative. Thus, the levels of CAT produced by ptkCAT, relative to B-gal, in HD3 and H32 were the same (not shown). Since the activity of the tk promoter is mediated by ubiquitous transcriptional factors (23) , this result suggests that the RSV promoter is also equally active in HD3 and H32 cells. The sequences that contribute to the erythroid-specific expression of the H5 promoter must, therefore, be located between -115 and +77, although a contribution of the distal region, -3500 to -1155, to this effect cannot be ruled out.
SI protection analyses indicated that the transcripts were properly initiated at the H5 cap site. Total RNA extracted from transfected HD3 cells was hybridized to excess of a single-stranded probe that discriminates between the transcripts of the endogenous and transfected genes ( Fig. 2A) .
The presence of a protected 249 nucleotide-long fragment ( 
Promoter proximal elements
To analyze in greater detail the promoter proximal sequences from -115, a series of 5' deletion mutants were constructed with Bal31. These experiments (Fig. 3B ) uncovered a transcriptional negative element (upstream negative element, UNE) located between -115 and -90 (Fig. 3A) , the effect of Further deletion to -81 reduced the strength of the H5 promoter by a factor of four [cf. p(5')90 and p(5')81, Fig. 3B ]. This mutation removes part of a perfect consensus GC-box (24) (Fig. 3A) and its effect was not cell-specific. Nuclear extracts from chicken erythrocytes contain a DNAbinding protein that footprints on the GC-box (in preparation), suggesting that this element is recognized by a factor analogous to mammalian Spl (25) .
Progressive deletions to -70, -59, and -54 had no significant effect on 
(1)
p (5) (Fig. 3B) suggesting that the trans-acting factor recognizing this element is ubiquitous. Internal Bal31 3' deletions from -38 confirmed the presence of two main activating elements, the GC-box and the UPE (Fig. 3B) .
We have observed that the UPE is contained in a region of extensive honology between the promoters of the chicken H5 (10), duck H5 (26), mouse HI" (P. Lewis, personal conounication), and human Hl° (27) . This region extends from -51 to -33 and is found 9 to 11 bp upstream of the TATA box (Fig. 8) . The UPE appears to be a specific element of the sub-family of HI genes encoding poly(A)* mRNAs for the replacement HI variants. Interest- (B) (a) Sequence of UNE; (b) sequence of the reconstructed UNE-like element in pNTKCATAS(371-386) after fusion to tkCAT, given in the opposite orientation. Low case letters correspond to vector sequences. ingly, the UPE sequence has strong hotuology to the H4 subtype-specific element recognized by H4TF2 (see Fig. 8 and Discussion).
The upstream negative eleaent
To examine whether the effect of the UNE was specific for the H5 pronoter, a -386 to -95 fragment, carrying UNE, was inserted upstream of ptkCAT and transfected into HD3 and CEF. The comparable CAT activities of pNTKCATS(386-95) and pNTKCATAS suggested that the effect of the UNE might be independent of orientation and distance to the proooter. However, removal of the UNE sequences (-95 to -125) in pNTKCATAS(125-386) did not result in the anticipated transcriptional increase (Fig. 4A) . Furthermore, progressive 5' to 3' deletions with Bal31 (not shown) indicated that the negative effect of the -125 to -386 fragment, from Which the UNE had been deleted, was mediated by the -371 to -386 sequences (see pNTKCATAS(371-386), Fig. 4A ). This paradox was resolved by inspection of the junction sequences of pNTKCATAS(371-386). This indicated that we had fortuitously reconstructed an inverted sequence highly hoaologous to the ONE, partly created by the fusion of the fragment to the vector sequences (Fig. 4B, a and b) . Therefore, we conclude that the effect of the UNE can be mediated by similar, although not identical, sequences independent of their orientation. Comparison of the activities of pNTKCA-TAS(95-386) (containing the original and the reconstructed UNE) and pNTKCA-TAS(371-386) (containing only the reconstructed UNE) further indicates that UNE action is either not additive or sensitive to the distance to the proxioal promoter elements.
Analysis of sequences downstream of the H5 gene
The effect of the 3' flanking regions on promoter activity was first examined using (5') H5-CAT-H5 (3') hybrid genes. In these constructs, the SV40-TAg sequence? of the p(5') plasmids were substituted by the 3' sequences of the H5 gene, starting at the XnnI site (+851) of the H5 mRNA trailer, upstream of the polyadenylation signal (Fig. 1A, and ref. 28, 10) . The reference construct, p(5')3500(3')1365 (Fig. 5) , contains the region from +851 to +1365 of the H5 locus that includes the double DHS-7 (Fig. 1A,   ref. 7) . As it will be shown elsewhere, these sequences are sufficient for the processing of the primary transcript (M. Affolter and A.R.-C., in preparation). Expression of the hybrid gene was consistently about 20-fold higher in HD3 than in H32, whether or not the sequences up to +3450 were also present (i.e. including the lineage non-specific DHS-8, Fig. 1A, not shown) . The DNA fragment, labeled at either 5' end, was partially carbetoxylated (DEPC) or methylated (DMS) prior to incubation with the IE nuclear extract. Free DNA (f), and the specific complex (c) are frooi an experiment similar to that in A. (C) DNasel digestion of DNA incubated in the absence (-) or presence (+) of the IE nuclear extract. G+A, chemical double DHS-7 was mapped (7) (see below). The action of DE requires the presence of the promoter elements since HD3 transfected with p(5')38(3')1365 only expressed background levels of CAT, as it was also the case for the double deletion in p(5')38(3')997 (Fig. 5) . Therefore, DE cannot substitute for the positive promoter elements, as suggested by Trainor et al. (9), but it increases the strength of the promoter.
Because transcriptional and post-transcriptional effects of the 3 1 sequences cannot be easily distinguished in the above experiments, we have independently assessed the role of DE using enhancer-less constructs. Insertion of the +803 to +1365 fragment upstream or downstream of p(5')90 resulted in a 2.4 to 3.4-fold increase in CAT activity (Fig. 6A ). This effect was specific for HD3 cells, and independent on the orientation and position. SI protection analyses indicated that the mRNA produced by pET90(5')ABS and ABAS was initiated at the H5 cap site (Fig. 6B) This was unexpected since these regions harbor several lineage-specific DNase I hypersensitive sites (7). It is possible that the factors that recognize these sequences are either in limiting concentrations in HD3 or that their role is not transcriptional. Further work will be necessary to determine their function.
The sequence of the UPE and its distance from the TATA-box was found to be conserved in the HI genes coding for replacement variants (Fig. 8) ,
whereas it is absent in the replication-dependent HI genes of vertebrates.
We have traced the UPE homology back to the H16 gene of the sea urchin Sp urpuratus. This gene also encodes a poly(A)* mRNA for a slightly shorter HI variant (as is the case of H5 and Hl°) that appears to be regulated differently than other HI genes (38) . However, in the case of echinoderms the UPE homology is also shared by the replication-dependent HI genes (39), suggesting that the specialization of this element occurred later during evolution.
There is a striking homology between the UPE and the animal H4 subtype- Fig. 8 . Hoaology of the ITPE to promoter sequences in HI genes encoding poly(A)* mRNAs for replacement HI variants and to the H4 gene subtypespecific element. The sequences of the duck H5 (26), mouse Hl° (P. Lewis, personal communication), and human Hl° (27) are aligned froa their respective TATA-boxes. The H4 consensus was derived from the sequences of two chicken genes (47), three mouse H4 genes (48, 49) , and two human genes (50, 51) . The position of G sites in two different human H4 genes which are protected from methylation in vivo (51) or which methylation interferes with H4TF2 binding j^ vitro (41) are indicated by the arrowheads (in black those corresponding to the strand shown, and in white those corresponding to the complementary strand). specific element required for H4 pronoter activity (40, 41) , also found at the same distance of the TATA-box (Fig. 8) . The homology is nearly perfect at the H4 nucleotides which are in contact with H4TF2 (Fig. 8) , a transcriptional factor that specifically recognizes the H4 element (41) . We have recently observed that nuclear HD3 extracts contain a factor that binds to UPE sequences of the H5 and H4 genes (in preparation). It will be interesting to determine whether or not this factor corresponds to the chicken horaologue of H4TF2.
The rate of H5 gene transcription is lower in HD3 than in IE (1). Our results suggest that the lower activity in HD3 may be effected, at least in part, by a suboptimal activity of the enhancer, likely related to the lower content/activity of the DE-activating factor in HD3 compared to IE. Although we were unable to induce differentiation of the HD3 subclone, an increase in H5 enhancer activity following HD3 differentiation has been observed by Trainor et al. (9) which is in keeping with the increase in relative concentration of the AGATAA-binding factor (33) .
The H5 proaoter is also down regulated in HD3 cells by the negative action of the UNE, a non-specific element which is also capable to reduce transcription of a heterologous promoter. The left part of the UNE is conposed of a polypyrimidine tract while the right part is included in a per- 
